In the presence of antidiuretic hormone (ADH), the concentration of the urine is usually related inversely to the excreted osmotic load. When solute excretion is increased by infusion of relatively nonreabsorbable solute, urine concentration falls toward plasma concentration. Maximum urine concentrations are achieved only when solute excretion is very low. In the dog, the highest urine osmolalities, in the range of 1,800 to 2,200 mOsm. per Kg. H2O, occur when solute excretion is about 200 to 300 /%Osm. per minute, If urine concentration and solute excretion are inversely related even at the lowest solute loads, one would expect an increase in urine concentration when spontaneously low osmotic loads are decreased further by lowering the glomerular filtration rate (GFR). On the other hand, if the highest urine concentrations seen under spontaneous conditions represent the maximum osmolality which the kidney can achieve (1), further reductions in solute excretion would not be expected to result in increased urine concentration. Under certain circumstances in the present studies, maximum spontaneous urine concentrations did increase when the GFR was reduced, in conformity with the first view described.
In the presence of antidiuretic hormone (ADH), the concentration of the urine is usually related inversely to the excreted osmotic load. When solute excretion is increased by infusion of relatively nonreabsorbable solute, urine concentration falls toward plasma concentration. Maximum urine concentrations are achieved only when solute excretion is very low. In the dog, the highest urine osmolalities, in the range of 1,800 to 2,200 mOsm. per Kg. H2O, occur when solute excretion is about 200 to 300 /%Osm. per minute, If urine concentration and solute excretion are inversely related even at the lowest solute loads, one would expect an increase in urine concentration when spontaneously low osmotic loads are decreased further by lowering the glomerular filtration rate (GFR). On the other hand, if the highest urine concentrations seen under spontaneous conditions represent the maximum osmolality which the kidney can achieve (1) , further reductions in solute excretion would not be expected to result in increased urine concentration. Under certain circumstances in the present studies, maximum spontaneous urine concentrations did increase when the GFR was reduced, in conformity with the first view described.
However, neither of these alternatives explains the findings of Leaf, Kerr, Wrong and Chatillon (2) , confirmed in this paper, that urine osmolality often falls when the GFR is reduced in the presence of ADH. Recently, it has been postulated (3, 4) that urine is made hypertonic to plasma by equilibration with hypertonic interstitial fluid in the medulla of the kidney. This paper presents data consistent with the view that the fall in urine concentration when GFR is reduced is due to de-*This paper was presented in summary form at the Annual Meeting of the American Society for Clinical Investigation, May 5, 1958. creased delivery to the medulla of the sodium salts and urea necessary to maintain hypertonicity of the interstitial fluid. In particular, the data support the hypothesis that urea plays a unique role in the concentrating mechanism.
METHODS
Studies were performed on female mongrel dogs weighing 16 to 22 Kg. The dogs were prepared for repeated use by positioning an inflatable silicone rubber cuff surgically around the right renal artery to permit acute, graded, reversible reduction of the GFR in the right kidney.
Urine was collected separately from each kidney by means of a bladder-splitting operation. This surgical preparation' has been described in detail elsewhere (5) .
The dogs were unanesthetized and trained to stand quietly, partially supported by slings. Water and food were withheld during the 24 to 48 hours prior to each experiment. In addition, 50 or 100 mU per Kg. per hour of vasopressin (Pitressing) was given in the intravenous infusions throughout each experiment. The pH of the infusions was adjusted to 5.2 to 5.6 with acetic acid to assure stability of the vasopressin during the course of the experiment. For experiments in which minimal solute excretion was desired, the vasopressin, inulin and p-aminohippurate (PAH) were dissolved in water or 0.45 per cent saline and infused at rates of less than 0.5 ml. per minute by means of a constant infusion pump. For experiments involving osmotic diuresis, the vasopressin, inulin and PAH were added to hypertonic (6 to 10 per cent) mannitol in water or urea in 0.9 per cent saline, and the infusions were administered at appropriate rates (usually 4 to 6 ml. per minute). Collection periods were begun by attaching a short length of rubber tubing to the funnel in each half-bladder and stopped by removing the tubing. Therefore, a short interval elapsed between collection periods. The urine was allowed to drain freely into graduates during each period.
In experiments in which kidney tissue was analyzed, several consecutive collection periods with stable urine flow and osmolality were obtained immediately before the kidneys were removed. The dog -was killed with 1 We are indebted to Dr. Clarence Weldon and Dr.
John Holman for the surgical preparations.
pentobarbital given rapidly intravenously in a dose sufficient to cause circulation to stop within a few seconds. The kidneys were removed from the animal within two minutes after death. The brown cap of cortex and the reddish outer medulla (strictly, the outer stripe of the outer medulla) were identified by gross anatomic characteristics and random pieces were taken for analysis. Serial sections of the (inner) medulla, from the papillary crescent toward the cortex, were cut freehand with a large, flat blade. The plane of the sections was perpendicular to the axis of the medulla. The first section, about 3 mm. thick, including the crescent and trimmed at the ends of the area cribrosa, was arbitrarily designated the papilla for purposes of these analyses. The next serial section, 3 mm. in thickness, was discarded. The section thereafter, also about 3 mm. thick, trimmed just within the red stripe of outer medulla, was called the inner medulla.2 The pieces of inner medulla and papilla used weighed approximately 200 to 250 mg. Each tissue was weighed and homogenized in 10 or 15 ml. of demineralized water. The homogenate was divided immediately into two parts. The portion for urea analysis was centrifuged and aliquots of the supernatant were taken for analysis. The portion for electrolyte analysis was heated at 1000 C. for one hour before centrifugation. Aliquots of the supernatant were then taken for sodium, potassium and chloride analysis. Other pieces of tissue from each area of the kidney were dried to constant weight under vacuum to permit calculation of tissue water as per cent of wet weight. Urea analysis was performed in duplicate by the micro-diffusion method of Conway (7); an ammonia blank was determined for each sample. Other methods of analysis used in this laboratory have been listed elsewhere (5).
RESULTS
Before each experiment, two or three preliminary collection periods were obtained to ascertain that urine osmolalities and filtration rates were comparable on the two sides. Dogs were not used if the two kidneys differed in these respects by more than about 10 per cent. The surgical preparation permitted the use of the left kidney as a simultaneous control for the right during periods in which the filtration rate of the right kidney was reduced. Spontaneous variations in urine concentration and GFR were frequent in both kidneys during preliminary periods and in the control kid- 2 The exact concentration gradients of urea and sodium in the medulla are not delineated well by this method, since relatively thick, nonconsecutive slices of tissue are used. However, the method is suitable and convenient for comparing concentrations in different kidneys. The use of thin, consecutive slices, as described by Ullrich and Jarausch (6) , gives more precise information about concentration patterns in the medulla. ney during periods when the cuff was inflated. No attempt has been made to account for these variations. The assumption is made that spontaneous changes affect both kidneys equally and that therefore the best control for the right kidney when its filtration rate is reduced is the simultaneous behavior of the unoperated left kidney. For this reason, data in summary charts are presented in terms of the ratios of the urine osmolalities or filtration rates of the two kidneys.
Data from 17 experiments performed on 12 different dogs during low solute excretion are presented in this fashion by the solid dots in Figure 1 . When the GFR of the right kidney was reduced below that of the control kidney by 30 per cent or less, the urine from the right kidney usually became more concentrated than that from the control. Regularly with decreases of more than 30 per cent, and sometimes with lesser decreases in filtration rate, urine from the right kidney became much less concentrated than the urine from the control kidney. The osmolality of urine from the Figure 1 . The open cir-greater in the papilla from the right kidney, which is figure represent periods in which the ratio of had excreted the more concentrated urine, than in ion rates of the two kidneys was less than 0.7; the control papilla. Sodium, potassium and chlodots represent periods in which this ratio was ride concentrations were comparable in the two ire.
kidneys. Kidney analyses comparable to those obtained in these experiments were found in two [idney in this group of experiments varied dogs in which imperfect placement of the renal ) to 2,000 mOsm. per Kg. H20. The re-artery cuff resulted in a small chronic reduction Experiments throughout this range of con-in GFR and increased urine concentration in the ins were comparable, as is shown in right kidney.
In Table III , data are given from an exrotocol of an experiment in which a small periment in which reduction of the GFR rereduction in GFR resulted in an absolute sulted in a decrease in urine concentration. After rine osmolality is presented in Table I . the cuff around the right renal artery was inflated, liminary periods of this experiment are a stable reduction of about 50 per cent was obiple of the spontaneous changes in urine tained in the GFR of the right kidney as compared ty frequently seen in dehydrated dogs dur-to the control kidney. Urine concentration from e studies. The variations in urine con-the right kidney fell to less than half the value for )n of both kidneys during these periods the left. A large part of the fall in urine osmolality ie control kidney during the experimental was due to the fall in urine urea concentration.
cannot be related to changes in solute ex-Analysis of kidney tissue showed marked reducnd no adequate explanation for them can tion in urea concentration and small decreases in !d. These preliminary periods are there-sodium and chloride concentration .in the right to be construed as "control" periods, but papilla as compared to the left. Qualitatively simiate that the function of the two kidneys lar data were obtained in three other experiments rly equal. When the cuff around the right and from three dogs in which an imperfectly positery was inflated, a reduction of about 15 tioned artery cuff chronically reduced urine conin the GFR of the right kidney relative centration and GFR in the right kidney. In some -ft was obtained. The osmolality of the of these experiments, however, especially those )m the control kidney was in the range of in which the decrease in GFR was more than 50 DECREASED GFR AND URINE CONCENTRATION per cent, the sodium concentration of the right From these experiments it seemed probable that papilla was reduced more markedly (20 to 40 per decreases in urine concentration during reduction cent less than the left papilla) than in the experi-in GFR were related to decreased delivery of urea ment shown in Table III . In all these cases, the and sodium to the medulla. During osmotic diureduction in tissue urea concentration was propor-resis due to infusion of urea, relatively large tionately much greater than the decrease in tissue amounts of urea and sodium appear in the urine, sodium concentration.
even when the GFR is reduced. It therefore was 
mi./min. Figure 3 . Osmolality of the urine reach the medulla even when the GFR is reduced from the control kidney was from 350 to 550 during mannitol diuresis, and that changes in urea mOsm. per Kg. H2O in the mannitol experiments, concentration could result only in minimal changes and from 450 to 650 when urea was given. Even 
when the GFR of the right kidney was reduced as much as 90 per cent during urea diuresis and 60 per cent during mannitol diuresis, urine from the right kidney regularly became more concentrated than that from the control kidney. When urea was administered, the increases in urine concentration were often very striking and regularly greater than those occurring during mannitol diuresis. An example of an experiment with urea infusion is given in Table IV and a representative experiment in which mannitol was given is shown in Table V . In the experiment shown in Table IV , the preliminary periods show approximate equality of kidney function. During the first group of three periods after the artery cuff was inflated, the GFR of the right kidney was reduced some 20 to 30 per cent. When cuff pressure was increased, GFR was decreased 30 to 60 per cent. In both groups of periods, urine from the right kidney was 50 to 60 per cent more concentrated than that from the left. The concentration difference in urea between the urines from the two kidneys was greater than the difference in urine osmolality. In the experiment shown in Table V (Figure 1 ) .
In five experiments on four dogs, the urea concentration in urine from the control kidney during maximum dehydration was decreased to between 40 and 150 1AM per ml. by keeping the dogs on a low protein diet for one to two weeks. These dogs were then studied without solute diuresis, in a manner analogous to the dehydrated dogs on regular diets. As is shown by the open squares in Figure 1 , reductions of filtration rate resulted in smaller falls in urine concentration than did comparable reductions in dogs on regular diets. The osmolality of the urines from the control kidney varied from 400 to 900 mOsm. per Kg. H20 in the low protein experiments. In these experiments, control urea concentrations were already so low that even complete disappearance of urea from the urine during reductions in GFR could effect little change in urine osmolality. In this respect, the experiments are analogous to those during mannitol diuresis. However, no diuretic was present in these experiments to decrease proximal sodium reabsorption, and delivery of sodium to the medulla was therefore probably restricted.
Animals were not sacrificed to obtain kidney analyses in the experiments involving osmotic diu- resis or low protein diet. Such analyses have been performed in a number of unoperated dogs during urea or mannitol diuresis and on low protein diets comparable to those in the experiments described in this paper. In Table VI a representative urea analysis for each category of experiment is shown. As has been true in a wide variety of states of diuresis studied in this laboratory (except when urine flow is 0.1 ml. per minute or less), the concentration of urea in the total tissue water of the papilla (including that in thinner sections taken closer to the tip of the papilla) is some 5 to 40 per cent less than the urine urea concentrations Thus, 8 Recent experiments in this laboratory (8) have shown that when hypertonic urine passes through the ureter and bladder, particularly at flows of 0.2 ml. per minute or less, osmolality decreases, largely because of diffusion outward of urea, though smaller movements of water and electrolytes along their concentration gradients also occur. Ullrich and Jarausch (6) found that the maximum urea concentration in the papilla is usually equal to that in the urine. Urine flow was presumably low in their experiments, and urine was allowed to pool in the bladder before and for some minutes after the dogs were killed. From the data obtained in this laboratory, one would estimate that urea concentrations in urine collected in this way were 10 to 40 per cent less than in the urine leaving the kidney.
Because of the changes in urine osmolality and urea concentration in the ureter and bladder, no exact significance can be assigned to the urine concentrations at low flows given in this paper. Since these changes are increased as flow is reduced, the rises in urine concentration which actually occur when GFR is decreased in experiments like that in Table II The data presented in this paper are all consistent with, and readily explained by, the view that the formation of hypertonic urine depends on the delivery of sodium and urea to the medulla and that these are restricted when GFR is rewhich urine osmolality and urea concentration fell, such as that shown in Table III , the actual decreases are presumably about 20 per cent less than those observed. duced. Wirz (3) has proposed that the urine is made hypertonic in the collecting ducts by equilibration with hypertonic medullary interstitial fluid. The available evidence supports the hypothesis that hypertonicity is established in the medullary interstitial fluid by means of active transport of sodium salts in excess of water by some part of the loop of Henle, though the exact mechanism is unknown (3, 4, 6 ). 4 Ullrich and Jarausch (6) have found high concentrations of sodium in the medulla, and these results are con--firmed by numerous analyses in this laboratory. For example, the concentration of sodium in the total tissue water of the papilla, as shown in Table  I , is more than twice that of plasma. Urine sodium concentration is usually much lower than the concentration in the total tissue water of the medulla, so that the latter value would be reduced by virtue of the urine contained in the medulla. Moreover, it is unlikely that the cells of the Henle loops and collecting ducts contain very high concentrations of sodium. The sodium concentration in medullary interstitial fluid is therefore probably much higher than the value found for total tissue water.
Urea concentrations in the medulla are also very high, but in our experience the concentration of urea in total tissue water is always 5 to 40 per cent lower than the urea concentration of the urine, whenever urine flow is 0.1 ml. per minute or more. The following hypothesis (4) 4 The recent finding of Gottschalk and Mylle (10) that fluid in the loop of the hamster has an osmolality close to that of capillary blood and urine at the same level in the papilla confirms the earlier observations of Wirz and co-workers (11) and is contrary to the hypothesis that the urine is progressively diluted as it traverses the loops (4). However, it is clear that the urine must already be dilute as it leaves the medulla in the ascending limb, not only because it has been found to be dilute in the first part of the distal convoluted tubules at the kidney surface (12) but because the balance of tonicities of the fluids entering and leaving the medulla requires this. During the formation of hypertonic urine, three isotonic fluids (proximal tubule fluid, isotonic terminal distal tubule fluid, and cortical capillary blood) enter the medulla. Since the urine leaves hypertonic and, rejecting the possibility of active solute or water transport by the capillary walls, the blood must leave this hypertonic area on the concentrated side of isotonicity, it follows that some hypotonic fluid must emerge from the area and that this hypotonic fluid must be that of the ascending limb of the loop. accounts for the high urea concentrations in the medulla, and in addition assigns a unique role to urea in the concentrating mechanism. Even at low urine flows, some 30 to 40 per cent of the filtered urea appears in the urine (13) , whereas only 0.5 to 1 per cent of the filtered water is passed in the urine. If some urea is lost during the process of making the urine hypertonic in the collecting ducts, reasonable figures for the fluid reaching the start of the ducts would be 50 per cent of the filtered urea and 2 per cent of the filtered water. Since 50 per cent of the urea is contained in 2 per cent of the filtered volume, the urea concentration of the fluid entering the collecting system would be some 25 times the blood urea concentration. If the collecting ducts are permeable to urea as well as to water, urea will diffuse out along the concentration gradient from the fluid in the collecting ducts to the medullary interstitial fluid. As water is withdrawn from the collecting ducts into the hypertonic (sodium salts) interstitial fluid, urea concentration in the fluid within the ducts continues to rise and the situation is continuously favorable for diffusion of urea into the interstitial fluid. Because of the low effective blood flow to the medulla (probably by virtue of countercurent flow in the capillaries) (4), the urea continuously fed into the interstitial space from the collecting ducts is trapped. Therefore, the total amount of urea escaping from the collecting ducts in the steady state need not be large to maintain a high concentration in the interstitial fluid. In fact, this concentration would seem to be in the range of 60 to 90 per cent of the urine urea concentration. The urine osmolality due to this fraction of urine urea is balanced osmotically in the interstitial fluid by urea itself. Hence the active mechanism for sodium in the loops of Henle need only create hypertonicity of sodium salts sufficient to balance the osmotic effects of the rest of the urea plus that due to other urine solutes. It is emphasized that all movements of urea in this proposed mechanism are passive. By contributing a fraction of the urea with which it entered, the urine in the collecting ducts can maintain a high urea concentration in the interstitium and this can balance the osmotic effects of a large fraction of the urinary urea. The position of urea in the concentrating process is thus unique in that it can add to the osmotic pressure of the urine without being balanced by an osmotically equivalent amount of sodium salts in the medullary interstitial fluid.
The data presented in this paper are readily interpreted in terms of this hypothesis. When the GFR is substantially reduced during low solute excretion, higher urine to plasma gradients of urea and slower flows of tubular fluid result from the proportionately greater reabsorption of water. Back-diffusion (passive reabsorption) of urea in the convoluted renal tubule increases greatly, and very little urea reaches the collecting ducts. Therefore, the concentration of urea in the interstitial space of the medulla falls. In addition, the fraction of filtered sodium reabsorbed in the proximal tubule presumably increases when the GFR is reduced, and less is available for transport by the loops of Henle. Hence, interstitial fluid sodium concentration falls. Since the bulk of the hypertonicity of the interstitial fluid is due to urea and sodium salts, on both counts reduction of GFR during low solute excretion will result in decreased urine concentration.
When the dogs are on low protein diets, the contribution of urea to urine osmolality is relatively small even at control filtration rates. Little further fall in urine urea concentration can occur when GFR is reduced. Hence, falls in osmolality would be due only to decreased delivery of sodium to the medulla. Thus the fall in osmolality should be less on low protein than on regular diets, as was found (Figure 1) .
The loop of Henle presumably reabsorbs only a fraction of the sodium which reaches it under ordinary circumstances (14) . Therefore, in the experiment at low solute excretions in which the reduction in GFR was small, one might expect that even the somewhat restricted amount of sodium reaching the loop would still be sufficient to permit sodium transfer at roughly the previous rate. Similarly, only a modest reduction in the amount of urea reaching the collecting ducts would be expected. Since only a small amount of urea need move across the ducts to maintain a high medullary interstitial concentration, the urea concentration in the interstitium should be maintained. Thus a small reduction in GFR should not result in a fall in urine osmolality or in tissue sodium and urea concentrations, even when no osmotic diuretic is present. The data in Tables I and II and Figure 1 show this is the case. During an osmotic diuresis, proximal sodium reabsorption is decreased (15) , and it might be expected that adequate sodium would reach the loop of Henle to permit the usual levels of sodium in the medullary interstitium to be maintained, even in the face of marked reductions of GFR. During mannitol diuresis, the large volume of tubular fluid reaching the collecting ducts prevents urea concentration in the urine from achieving appreciable values. Since movement of urea from the tubular fluid into the medullary interstitial fluid is postulated to result from a passive process, the concentration of urea in the interstitium cannot be higher than urine concentration (Table  VI) . Urea concentrations in mannitol diuresis are already so low at normal filtration rates, that no significant drop in concentration can result from reduction of the GFR. During urea diuresis, a relatively large amount of urea at moderately high concentration should reach the collecting ducts even when GFR is reduced. Therefore, medullary urea concentration would not be expected to fall at reduced filtration rates. The results in Figure 3 , which shows that urine osmolality does not fall even with marked reduction of GFR during osmotic diuresis, are in accord with these predictions.
When the solute load is reduced by lowering the filtration rate, the amount of water withdrawn in the concentrating process is decreased. This water must contain at least the sodium concentration of the plasma to leave the medulla in the capillary circulation. Therefore, the rate of loss of sodium (or any diffusible substance) from the medulla via a counter-current capillary flow will depend on the amount of water which must be carried out of the area in the blood (4) . Assuming that sodium transport by the loops of Henle is approximately constant, the concentration of sodium salts in the medullary interstitial fluid will be inversely related to the amount of water entering from the collecting ducts. Since the urine finally comes into equilibrium with the interstitial fluid, the concentration of the urine will also be related inversely to the amount of water reabsorbed in the concentrating process. Therefore, reduction in this quantity when GFR and hence solute excre-tion are decreased would be expected to cause a rise in urine osmolality. When the GFR is considerably reduced at low solute excretions, however, this effect is more than balanced by the decreased hypertonicity of the medullary fluids due to inadequate delivery of sodium and urea. Therefore, urine osmolality falls. With small reductions of GFR at low solute loads, and with all degrees of reduction studied during solute diuresis, the delivery of sodium and urea are presumed to be adequate, for the reasons already stated. Therefore, in these situations urine osmolality rises when solute excretion is reduced. In accord with the role postulated for urea in enhancing urine concentration, reduction of the GFR during urea diuresis results in a greater increase in urine osmolality than during mannitol diuresis. Results somewhat analogous to those presented in this paper have been obtained in dehydrated human subjects by Levitt, Levy and Polimeros (16) . When the filtration rate was reduced moderately The dashed lines circumscribe the area in which data from all the preliminary periods fall. in normal subjects, urine osmolality fell; in uremic subjects, similar reductions in filtration rate resulted in rises in urine osmolality.
Even at the low end of the scale of solute excretion one would expect, according to the present hypothesis, that each reduction of solute excretion would yield some further increase in urine concentration, since the amount of water moved into the medullary interstitium during the concentrating process would be progressively decreased.
In the experiments reported in this paper, increases in urine concentration occurred when GFR was lowered even if control urine osmolality was in the highest range and solute excretion in the lowest seen in maximally dehydrated dogs. There was no evidence in these experiments of an approach to an "osmotic ceiling," i.e., to a fixed maximum urine osmolality or maximum urine to plasma (U/P) ratio of osmolalities, such as Smith (1) has postulated. Rather, small reductions in solute excretion at any urine concentration in the range between 800 and 2,000 mOsm. per Kg. H2O result in roughly comparable small increases in urine osmolality. However, some effect of small reductions in renal blood flow on urine concentration cannot be ruled out in these experiments. 5 An inverse relation between urine concentration and solute excretion, even at the lower solute excretions, has also been found in man (9) .
SUM MARY
The effects of reductions in glomerular filtration rate (GFR) on the elaboration of hypertonic urine have been studied in dogs in which the GFR was decreased reversibly in one kidney and urine collected separately from each kidney. When the GFR of one kidney was lowered 10 to 30 per cent in dehydrated dogs infused with vasopressin, the
